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Abstract  
Classically, body ownership illusions are triggered by cross-modal synchronous stimulations, 
and hampered by multisensory inconsistencies. Nonetheless, the boundaries of such illusions 
have been proven to be highly plastic. In this immersive virtual reality study we explored 
whether it is possible to induce a sense of body ownership over a virtual body part during 
visuo-motor inconsistencies, with or without the aid of concomitant visuo-tactile 
stimulations. From a first person perspective participants watched a virtual tube moving or an 
avatar’s arm moving, with or without concomitant synchronous visuo-tactile stimulations on 
their hand. Three different virtual arm/tube speeds were also investigated, while all 
participants kept their real arms still. The subjective reports show that, synchronous visuo-
tactile stimulations effectively counteract the effect of visuo-motor inconsistencies, but at 
slow arm movements a feeling of body ownership might be successfully induced even 
without concomitant multisensory correspondences. Possible therapeutical implications of 
these findings are discussed. 
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1. Introduction 
An accurate representation of what belongs to and forms our bodies and what doesn’t, is 
essential to achieve a fully functioning normal life. Body ownership in particular, is a 
perceptual status that is deemed to be fundamental for self-consciousness (Tsakiris, 
Carpenter, James, & Fotopoulou, 2010). An impairment at this level yields dramatic 
consequences which are evident in asomatognosic and somatoparaphrenic patients, that 
report a delusion of disownership of their own body parts (Berlucchi & Aglioti, 2010; 
Feinberg, Venneri, Simone, Fan, & Northoff, 2010; Vallar & Ronchi, 2009). The sense of 
body ownership  is processed in specific brain areas, including the premotor cortices 
(Ehrsson, Spence, & Passingham, 2004), and derives from the integration of multisensory 
information such as visual, tactile and proprioceptive input (Makin, Holmes, & Ehrsson, 
2008; Petkova, Khoshnevis, & Ehrsson, 2011). However, even in healthy subjects, this 
representation is not steady but it can be altered quite easily. Many experimental  findings in 
fact show that a body ownership illusion (BOI) over fake body parts can be induced in a few 
seconds (Ehrsson, Holmes, & Passingham, 2005; Ehrsson, Spence, & Passingham, 2004; 
Kalckert & Ehrsson, 2012) and it is possible extend the experience of ownership to an entire 
artificial body (Slater, Spanlang, Sanchez-Vives, & Blanke, 2010). One well-known example 
is the rubber hand illusion (RHI) where the tactile feedback produced by stroking the hidden 
real hand is coupled to the sight of a prosthetic hand stroked at the same time. This type of 
stimulation eventually leads to the feeling that the prosthetic hand belongs to one’s body 
(Botvinick & Cohen, 1998). This illusion can be successfully extended to mannequin and 
virtual full bodies (Petkova & Ehrsson, 2008; Slater et al., 2010).  
Although it is accepted that an anatomical correspondence between the real and the dummy 
body part must be respected in order for the illusion of ownership to occur (Tsakiris & 
Haggard, 2005), a growing body of evidence is showing the impressive flexibility of BOIs. 
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We now know, for instance, that it is possible to experience ownership over arms that appear 
much longer than normal (Kilteni, Normand, Sanchez-Vives, & Slater, 2012), that look 
injured or particularly hairy (Osumi, Imai, Ueta, Nobusako, & Morioka, 2014), that 
dynamically change their skin color (Martini, Perez-Marcos, & Sanchez-Vives, 2013), that 
are semi-transparent (Martini, Kilteni, Maselli, & Sanchez-Vives, 2015) or which are 
completely invisible (Guterstam, Gentile, & Ehrsson, 2013). Similarly, BOIs can be 
experienced over invisible bodies (Guterstam, Abdulkarim, & Ehrsson, 2015), dolls’ and 
giants’ bodies  (van der Hoort, Guterstam, & Ehrsson, 2011), children bodies (Banakou, 
Groten, & Slater, 2013), bodies that resemble famous characters (Osimo, Pizarro, Spanlang, 
& Slater, 2015) or that belong to other racial groups (Peck, Seinfeld, Aglioti, & Slater, 2013). 
 Importantly, BOIs are not only useful to investigate what cognitive factors influence body 
representation and to unravel the neural underpinnings behind it, but they also contribute to 
shedding light on what is the relationship between the perception of our body and our 
behaviour. Thanks to the studies focusing on this topic, it is currently known that the feeling 
of ownership over a different body or body part can have dramatic effects on subsequent 
perceptual, emotional, behavioural and physiological responses, according to the physical 
properties of the body that is object of the illusion (Banakou et al., 2013; Bergström, Kilteni, 
& Slater, 2016; Haggard & Jundi, 2009; Ma, Sellaro, Lippelt, & Hommel, 2016; Maister et 
al., 2015; Preston & Ehrsson, 2016; van der Hoort & Ehrsson, 2014). Therefore, revealing 
under which conditions BOIs can occur is essential for understanding the mechanisms that 
influence self-representation and consequently how this representation, in turn, may influence 
perception.  
Classically, studies making use of BOIs rely on synchronous visuo-tactile (or visuo-motor) 
stimulation to induce such experience, based on the assumption that intermodal matching is 
the ‘conditio sine qua non’ to induce self-attribution. Nonetheless, it has been recently shown 
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that just the passive observation of the fake body, as long as it seen from a first person 
perspective (1PP) and it is co-located with the real body, is sufficient to trigger the illusion of 
body ownership (Martini, Kilteni, Maselli, & Sanchez-Vives, 2015; Maselli & Slater, 2013; 
Tieri, Tidoni, Pavone, & Aglioti, 2015). This feeling of body ownership over an external 
body part by mere visual capture has been also reported in hemiplegic patients with and 
without disturbed sensation of limb ownership (Martinaud, Besharati, Jenkinson, & 
Fotopoulou, 2017). Yet the majority of studies making use of BOI paradigms relies on 
synchronous multimodal stimulation. Recently it has been shown how, when visuo-tactile 
stimulation is used, a slow tactile stimulation which targets the tactile C fibers leads to a 
stronger BOI (Crucianelli, Krahé, Jenkinson, & Fotopoulou, 2017). Moreover, an 
asynchronous visuo-tactile (or visuo-motor) stimulation is considered to be the essential 
characteristic of the typical control condition, that is where no BOI is expected to take place. 
However, despite the intermodal mismatch, such condition does not always bring about 
significantly lower sense of body ownership compared to the synchronous one (Hara et al., 
2015; Kokkinara, Slater, & López-Moliner, 2015; Maselli & Slater, 2013; Pozeg, Galli, & 
Blanke, 2015). Indeed, spatial and spatiotemporal incongruences between the real limb 
movement and the one that is seen (virtual arm movement) can still lead to high levels of 
BOI, provided that the fake limb is seen from a 1PP (Kokkinara et al., 2015). In other words, 
high levels of BOIs could be established even during incongruent multisensory stimulations. 
Actually, it has been recently suggested that intermodal correspondences are not a necessary 
prerequisite for the illusion to occur, as long as a spatial congruence between the real and the 
fake body is provided (Kilteni, Maselli, Kording, & Slater, 2015).  
With the present experiment, we wanted to explore this further: using a virtual reality 
scenario we investigated whether despite the constant movement of a virtual arm seen from a 
1PP, while the real arm is kept immobile, it is still possible to induce the BOI. This will 
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contribute to better determine the boundaries of BOIs, and also lead to the development of a 
possible set-up to be used in clinical settings. In fact, if body ownership could be established 
under such conditions there could be significant clinical applications, such as with patients 
with impaired mobility and chronic pain (Adamovich, Fluet, Tunik, & Merians, 2009; Bagce, 
Saleh, Adamovich, & Tunik, 2011; Villiger, Bohli, et al., 2013; Villiger, Estévez, et al., 
2013). For instance, it has been shown that the illusory movements of the paralyzed limbs 
restore motor cortex activity (Giraux & Sirigu, 2003) and help reducing neuropathic pain in 
paraplegic patients (Moseley, 2007; Soler et al., 2010). Importantly, no study has, so far, 
investigated the possible effect of a striking sensorimotor discrepancy between the real and 
the fake arm (always still VS constantly moving) on BOI. To do this, in the present study we 
asked our participants to keep their arms still while seeing an avatar’s am constantly moving. 
In two different visual conditions the virtual arm was accompanied or not by synchronous 
visuo-tactile stimulations. This was done to check whether the presence (or absence) of a 
synchronous visuo-tactile stimulation could make any difference to the sense of BOI during 
the visuo-motor sensory mismatch. A third condition involved the use of a virtual purple 
tube, i.e. a non-corporeal object, in replacement of the virtual arm (see Martini et al., 2014). 
This condition acted as a baseline, i.e. during this condition no BOI was expected. All 
conditions were implemented in 1PP.  
Since, to our knowledge, no similar studies have been carried so far, we also tested whether 
distinctive arm/tube movement speeds differently affected the illusion.  
 
2. Materials and Methods 
2.1. Participants 
49 participants were initially recruited for the experiment. Two of them were discarded for 
being ambidextrous and two others for being on psychoactive drugs. Therefore, the final 
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sample comprised 45 healthy participants (mean age 25.9, SD ± 5.6, 22 female), randomly 
assigned to three equally large groups. All participants were right-handed, as evaluated by the 
revised version of the Edinburgh Handedness Inventory (Veale, 2014). Participants were 
recruited by advertisement amongst students of the University of East London. Inclusion 
criteria were normal or normal-to-corrected visionright handedness, and no history of 
neurological disorders or of drugs use. All participants were naïve regarding the purpose of 
the experiment and had no previous experience with the virtual or rubber hand illusion. 
Before the start of the experiment all participants read and signed a written consent form. The 
experiment had been approved by the local ethics committee and was in accordance with the 
declaration of Helsinki. Participants did not receive any monetary or academic (students) 
reward for their participation. 
 
2.2. Virtual reality system   
The stereoscopic head-mounted display (HMD) was an Oculus Rift DK2 (Oculus VR, Irvine, 
CA) with a resolution of 960x1080 per eye and a field of view of 100º, displayed at 60Hz. 
The virtual environment was programmed using the Unity platform (Unity Technologies, San 
Francisco, CA). The tactile feedback (TOUCH group only, see Procedure) was administered 
via a single small vibrator placed in the middle of the right participant’s hand dorsum and 
controlled via an Arduino board (Arduino LLC, Ivrea, Italy). Noise isolation was ensured by 
the administration of pink noise via headphones, with a constant volume set at 70 dB SPL.  
 
2.3. Questionnaire 
The subjective feeling experienced by the subjects during the exposure to the virtual reality 
was measured with a questionnaire at the end of each experimental condition. Items were 
selected from a questionnaire used in seminal work on virtual arm ownership (Slater, Perez-
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Marcos, Ehrsson, & Sanchez-Vives, 2008). A similar questionnaire was used in another 
recent study (Zanini, Montalti, Caola, Leadbetter, & Martini, 2017). The questionnaire items 
are listed in Table 1 
Table 1 - Questionnaire: 
 
It should be noted that, due to the different nature of our design and to the uncontrolled 
constant movement of the virtual arm/tube, only part of the original set of items could be 
included in the present experiment. For the same reason, we thought that a question about the 
level of agency ( e.g. “I felt as if I was controlling the movements of the virtual hand”) did 
not make much sense in the present study. The order of the items was randomized for each 
condition and participant. Importantly, before the administration of the questionnaires, 
participants were told that there were no right or wrong responses and that the only “right” 
response was the one that actually corresponded to their feelings. This was done to assure that 
the data reflected the genuine experience of our participants, hence minimizing the 
contribution of possible confounding factors such as compliance with “ideal” expected 
responses. To ensure that each item was correctly interpreted, the questionnaire was read to 
the participant by the experimenter. The experimenter reading the questions was kept the 
   Label    Content 
Q1. Control During the experiment there were moments in which I had the 
sensation of having more than one right arm. 
 
Q2. Ownership During the experiment there were moments in which I felt as if 
the virtual arm/tube was my own arm. 
 
Q3. Control (Ownership) During the experiment there were moments in which I felt as if my 
real arm was becoming virtual. 
 
Q4. Control (Ownership) During the experiment there were moments in which the virtual 
arm/tube started to look like my own arm in some aspects. 
 
Q5. Movement During the experiment there were moments in which it seemed 
that my real arm was moving. 
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same for all participants. Participants answered verbally using a 7-point Likert scale, with “1” 
meaning ‘totally disagree’ and “7” representing ‘totally agree’.  
 
 
 Finally, it is important to note that a measure of the proprioceptive drift, i.e. of the subjective 
shift in the location of the real arm towards the virtual arm, could not be taken in 
consideration for the current experiment. Indeed, in our case the virtual arm constantly 
moved back and forth rather than lying still at a fixed distance from the real arm.  
 
2.4. Procedure 
Upon arrival participants were asked to read and sign the consent form, and to fill in the 
questionnaires related to the inclusion criteria. Thereafter they sat comfortably on a chair with 
the left arm resting on the table while the right elbow leaned on a small box, so that the right 
lower arm and hand were not touching the table. This arrangement was implemented to avoid 
that the BOI could be reduced by additional sensory mismatch, namely between the expected 
tactile feedback and the real tactile feedback (i.e. if the right avatar’s arm moved left-right on 
the table the participant would expect a rubbing sensation underneath her/his arm due to 
friction of the seen virtual arm against the table). Thus, the right avatar’s elbow was also 
rendered on top of a virtual box, so that the right avatar’s lower arm and hand moved freely 
in the air. We used a virtual arm motion on the x-y axis (horizontal), and we did not take in 
consideration  a movement on the x-z / y-z axis (vertical) because deemed more clearly 
visible from the participant’s perspective. Participants were asked to keep still during the 
entire VR exposure. They were asked also to keep their right lower arm and hand still so that 
they could not touch the table. Once the HMD was put on the room’s lights were turned off 
and the pink noise played. The participant’s visual scenario was calibrated in order to ensure 
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a co-location of the real body with the virtual one. In each condition the participant was asked 
to explore the virtual room and the virtual body (or tube, depending on the condition). Then 
participants were asked to keep the focus of attention on the right arm until the end of the 
virtual exposure. Each virtual condition lasted 120 seconds, much more than the time needed 
to induce a body ownership illusion with a passive or active movement paradigm (Kalckert & 
Ehrsson, 2017). 
For the entire duration of the virtual exposure, the experimenters constantly monitored what 
the participant was looking at in the virtual scenario via a pc screen, and also checked that the 
real arm remained still.  
 To avoid diversion of attention from the right arm, the left virtual arm was hidden behind a 
virtual partition (see Fig.1). Once the participant was ready, the movement of the arm was 
initiated and kept going until the end of the condition.  
A between-subjects design with three different groups was  used  (see fig.1): 
- a TOUCH group where the vision of a virtual ball bouncing on the right avatar’s hand 
dorsum was coupled with a synchronous tactile vibratory stimulus. Every time the ball 
touched the virtual hand participants felt a tactile stimulus on their right hand dorsum. The 
virtual ball impacted the virtual hand every 2 seconds and followed the constant movement of 
the virtual arm, touching it always on the centre of the hand dorsum. 
- a NO-TOUCH group where there was only the vision of the virtual arm moving, with no 
virtual ball displayed and no tactile feedback. 
- a TUBE group where there was no virtual ball and no tactile feedback and the virtual arm 
was replaced by a non-corporeal object, namely a virtual cylinder (tube). 
All groups went through three conditions, which only differed with regard to the speed of the 
arm movement: a “Slow” a “Moderate” and a “Fast” condition, consisting in a constant 
angular speed (ω) of 2.5, 7.5 and 12.5 respectively. The lower arm moved 12.5° towards the 
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right and 12.5° towards the left horizontally, using the elbow as a pivot. The amplitude and 
the speeds of the movements were selected by the authors in a preliminary pilot. The order of 
the conditions was counterbalanced among subjects and kept constant for all groups. 
After the virtual exposure the HMD was removed and the experimenter read the items of the 
questionnaire.  
 
2.5. Data Handling 
Given the nonparametric nature of the data, subjective responses at the questionnaires 
underwent an aligned rank transform (ART) procedure, as described by Wobbrock and 
colleagues (Wobbrock, Findlater, Gergle, & Higgins, 2011). Transformed data were averaged 
for each item and group, and differences between groups and speeds calculated using mixed-
design 3x3 ANOVAs, run separately  for each item, with Speed as a within factor with three 
levels (Slow, Moderate and Fast) and Group as a between factor with three levels (Touch, 
No-Touch and Tube). Post-hoc analysis after ANOVAs was conducted with Tukey tests. 
Statistical comparisons between conditions were conducted with JASP (JASP Team 2016, 
version 0.7.5.5). 
 
3. Results 
Table 2 shows the number of subjects, for each group and condition, that agreed with the 
statements in the questionnaire (i.e. a score ≥ 5). Table 3 reports the averages and standard 
deviations of raw questionnaire scores per each group and arm/tube movement speed. The 
two-way ANOVAs on the aligned scores revealed a significant main effect of the factor 
“Group” for every item of the questionnaire (see fig.2).  
Q1: a main effect of the factor “Group” was found (F2,42 = 3.31, p = 0.046, η2p = 0.136). Since 
the factor “Group” has more than two levels, a post-hoc comparisons analysis was run to 
detect which group/s was significantly different from the other/s. Tukey test highlighted a 
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strong trend toward significance with a higher feeling of having more than one right arm in 
the “Touch” group as compared to the “Tube” group (p = 0.057). All other comparisons were 
not even in trend (all ps > 0.1). Q2: a significant main effect of “Group” was found (F2,42 = 
3.37, p = 0.033, η2p = 0.150). Post-hoc tests revealed that the group “Touch” reported 
significantly higher levels of arm ownership as compared to the “Tube” group (p = 0.026). 
Q3: a significant main effect of “Group” was found (F2,42 = 5.12, p = 0.009, η2p = 0.199). 
Post-hoc tests revealed that the group “Touch” reported a significantly stronger feeling that 
the real arm was becoming virtual as compared to the “Tube” group (p = 0.008). Also, a trend 
to significance was found in the comparison “No-Touch” vs “Tube” group, with the former 
reporting higher levels of this feeling (p = 0.08). Q4: a significant main effect of “Group” was 
found (F2,42 = 7.01, p = 0.002, η2p = 0.250). Post-hoc tests revealed that both the “Touch” and 
the “No-Touch” group reported significantly higher levels of the feeling that virtual arm 
started to look like their own arm in some aspects, compared to the “Tube” group 
(respectively p = 0.006 and p = 0.007). Q5: a significant main effect of “Group” was found 
(F2,42 = 4.11, p = 0.023, η2p = 0.164. Post-hoc tests revealed that the group “Touch” reported a 
significantly stronger illusory sensation that their real arm was moving as compared to the 
“Tube” group (p = 0.019). 
No significant main effect of the factor “Speed”, nor a significant interaction between the two 
factors was found for any of the items (all ps > 0.05), pointing towards an irrelevant/poor 
contribution of the arm movement “Speed” factor in shaping the dependent variables taken in 
consideration in this study. 
 
4. Discussion 
The main finding of our study is that it is possible to induce a sense of body ownership over a 
virtual body part despite a dramatic visuo-motor mismatch between the real and the virtual 
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limb. Also, we found that an illusory feeling that one’s arm is moving while it remains still, 
can be induced by the vision (in 1PP) of a moving avatar’s arm. Both the illusion of 
ownership and of movement, as indexed by Q1 and Q5, seems to arise clearly only when 
concomitant synchronous visuo-tactile stimulation is provided. However, given the striking 
sensory inconsistency between the proprioceptive and the visual realm, we could not expect 
to induce high levels of BOI in all participants. In fact, even with classical paradigms where 
perfect visuo-tactile or visuo-motor synchronicity is used, it has been shown how the feeling 
of ownership over a fake body part occurs in about 75-78% of the sample, while the other 22-
25% does not experience such illusion (Ehrsson, Holmes, & Passingham, 2005; Martini et al., 
2014). Here we show that with the present paradigm it has been possible to induce the BOI 
up to the 46.6% of our sample. Interestingly, in the “No-Touch” group, where no concomitant 
synchronous visuo-tactile stimulation is provided, the same number of participant (n 7 = 
46.6%) scored 5 or higher at the Q2 (body ownership) after the slowest arm movement 
condition. Previous studies using 7-points Likert scales ranging from -3 to +3, took into 
account scores of  ≥1 to indicate the presence of the illusion (Ehrsson et al., 2004; Kalckert & 
Ehrsson, 2012), which is correspondent to our  ≥5 criterion in our 1 to 7 Likert scale.  This 
result is quite remarkable, considering that the illusory experience in this group was not 
supported by a visuo-tactile correspondence. It is noteworthy that the use of a between-
subjects design made the present results free from possible carry-over effects among 
conditions and, together with the instructions given to participants, kept the level of 
compliance to ideal expected responses minimal. However, our results also show that a 
concomitant synchronous visuo-tactile stimulation partly counteracts the disrupting effects of 
the visuo-motor inconsistency, leading to the overall biggest probability to report the illusion 
and to feel it stronger. The “Touch” group in particular reported the highest levels of illusion 
that the real arm was becoming virtual and that the virtual arm resembled the real one (Q3 
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and Q4). A coupling of these illusory feelings with higher levels of BOI has been found also 
in previous studies (Perez-Marcos, Sanchez-Vives, & Slater, 2012; Slater et al., 2008). 
Despite the fact that items like Q3 and Q4 have been historically deemed as ‘control’ 
questions, this idea has been recently challenged in favour of a genuine relationship of these 
sensations with the feeling of ownership (Perez-Marcos et al., 2012). We back this vision up, 
supporting the idea that a high level of BOI can sometimes imply illusory feelings that the 
real and the fake body part start resembling each other. The present study also reveals that 
coupling the vision of the moving avatar’s arm with the visuo-tactile stimulation increases the 
sensation of having more than one right arm (Q1) as compared to the vision of a moving non-
corporeal object (i.e. the tube). In a similar experiment it was found that the same question 
was far from being significantly different from chance after visuo-tactile stimulation (Slater 
et al., 2008). Nevertheless, it has been shown that it is possible to induce a strong illusion of 
ownership over multiple limbs synchronously stroking two seen prosthetic hands while the 
real hand is hidden from the view (Ehrsson, 2009), or synchronously stroking a prosthetic 
hand and the real hand both kept in view (Guterstam, Petkova, & Ehrsson, 2011). Our 
paradigm implied a key difference with the aforementioned studies, namely we introduced a 
constant visuo-motor mismatch. We should also point out that in our experiment, the 
sensation of having more than one right arm has been reported the least amount of times by 
participants in both the “Touch” and “No-Touch” group compared to the other illusions. This, 
coupled with the non-significant p-value after the ANOVA on the transformed values, make 
it hard for us to draw any conclusions about the role of looking at a moving arm on Q1. After 
all, a questionnaire item asking about this sensation classically deemed to be a control 
question (Botvinick & Cohen, 1998). 
Our results show that it is possible to induce an illusory sensation that one’s own real arm is 
moving despite the fact that it is completely still.  This illusion seems likely to take place only 
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with the concomitant aid of a congruent visuo-tactile stimulation, although if we look at the 
percentages of the participants that scored at least “5” at Q5, we have a similar number of 
participants reporting the illusion between the “Touch” and the “No-Touch” group. 
Kinesthetic illusions have been reported during tendon vibration (e.g. Fusco et al., 2016; 
Jones, 1988; Naito et al., 2002; Tidoni et al., 2015) or  while viewing videos of moving limbs 
superimposed to one’s real limb (Aoyama, Kaneko, Hayami, & Shibata, 2012; Kaneko, 
Yasojima, & Kizuka, 2007; Kaneko, Inada, Matsuda, Shibata, & Koyama, 2016) not to 
mention during mirror therapy interventions (Ramachandran & Rogers-Ramachandran, 
1996). The possibility to induce illusory movements could be beneficial in numerous cases. 
For instance it has been shown how the illusory movement of one’s limb can prevent the 
disruption of sensorimotor areas usually occurring during immobilization (Roll et al., 2012), 
or even restore motor cortex activity in patients with brachial plexus avulsion (Giraux & 
Sirigu, 2003). Further applications of kinesthetic illusions can be found in the treatment of 
patients affected by complex-regional pain syndrome (Gay et al., 2007), or those suffering 
from post-operative acute pain (Imai, Osumi, & Morioka, 2016). In the case of pain, these 
beneficial effects might be boosted in future studies by the vision of one’s own body (Longo, 
Betti, Aglioti, & Haggard, 2009; M. Martini et al., 2014;  M.Martini, 2016) and/or by the 
highly distractive power of virtual reality scenarios (Hoffman et al., 2011; Malloy & Milling, 
2010). Virtual reality in particular has been identified as a method which, due to its 
versatility, has a great advantage over classical method like mirror therapy (Ramachandran & 
Altschuler, 2009) and it is being successfully used both in neuroscientific research and in 
therapeutical approaches (see Bohil et al., 2011 for a review). 
As a methodological note, we are aware that some RHI/VHI studies have made use of 
physiological measures, like skin conductance responses (SCR) and/or heart rate (HR) as 
‘objective measures’ of body ownership. However, an increase of SCR has been reported not 
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only during the vision of one’s body but also during the observation of another’s body part in 
pain (Avenanti, Sirigu, & Aglioti, 2010; De Coster, Verschuere, Goubert, Tsakiris, & Brass, 
2013; Fusaro, Tieri, & Aglioti, 2016; Pfabigan et al., 2015). Similarly, reduction of HR has 
been found in response to either pain-inducing or pleasant stimuli applied to either “one’s 
own” virtual body or another’s body (Fusaro et al., 2016). Therefore, these evidences make 
the reliance on such ‘objective’ measures of body ownership more problematic as they do not 
seem to distinguish between ‘my body’ and ‘another’s body’. 
Moreover, in a recent study by Ma & Hommel (Ma & Hommel, 2015), it was found that SCR 
values were generally higher when a threat was applied on a virtual hand than on a virtual 
rectangle, but the authors also found that this effect did not interact with the type of visuo-
tactile stimulation (synchronous-asynchronous) meant to modulate body ownership. This is in 
line with previous findings from the same authors (Ma & Hommel, 2013), who observed 
increases in SCR levels in response to a threat targeting a virtual hand that they did not 
perceive as their own. Thus, again, this ‘objective measure’ of body ownership can, in fact, 
reflect an autonomic response that is not dependent on body ownership, or at least not only 
on it. This said, despite our methodological precautions, we still cannot completely rule out 
the possible contribution of demand characteristics (Orne, 1969; Orne, 1962), so other studies 
are needed to confirm the current findings.  
  
5. Conclusions 
The present study shows that it is possible to induce a sense of body ownership over a fake 
limb even under striking visuo-motor discrepancies between the virtual and the real arm. 
However, the percentages of the participants that experienced the illusion in the present study 
are lower than the ones generally reported under classical bodily illusions paradigms. It is 
also worthy of note that, when considering different arm speeds, the amount of participants 
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that experience the illusion of BOI and of arm movement does not follow a linear trend, and 
it is different for each group. Nonetheless, our findings show that the slowest movement 
maximizes the chances of experiencing the BOI in both groups where the avatar’s arm is 
displayed. Still, the current study has to be considered a preliminary work and the results 
need future confirmation. Future studies could investigate whether the different limb 
movements’ amplitudes, speeds or types can determine higher levels of body ownership and 
kinesthetic illusion to those reported in the present work.  
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Figure legends 
Fig.1  
 
28 
From left to right: an illustrative picture of participant and three screenshots of the three different 
visual scenarios (groups) in VR. From the left: “Touch”, “No-Touch” and “Tube” group.  
 
Fig.2  
Mean and standard error of the aligned rank transform (ART) index reported by the three different 
groups for the only significant effect found in the ANOVA (main effect of Group). Asterisks indicate 
signiﬁcant comparisons (*p < 0.05; **p < 0.01). 
 
 
  Q1 Q2 Q3 Q4 Q5 
  
Slow 
 
0  
 
7 (46.6%) 
 
5 (33.3%) 
 
4 (26.6%) 
 
7 (46.6%) 
 
Touch 
 
Moderate 
 
5 (33.3%) 
 
7 (46.6%) 
 
6 (40%) 
 
6 (40%) 
 
9 (60%) 
  
Fast 
 
1 (6.6%) 
 
6 (40%) 
 
5 (33.3%) 
 
3 (20%) 
 
7 (46.6%) 
  
TOTAL 
 
6 (13.3%) 
 
20 (44%) 
 
16 
(35.5%) 
 
13 
(28.8%) 
 
23 
(51.1%) 
  
Slow 
 
3 (20%) 
 
7 (46.6%) 
 
3 (20%) 
 
5 (33.3%) 
 
7 (46.6%) 
No-Touch 
 
Moderate 
 
3 (20%) 
 
3 (20%) 
 
3 (20%) 
 
6 (40%) 
 
7 (46.6%) 
  
Fast 
 
1 (6.6%) 
 
5 (33.3%) 
 
3 (20%) 
 
7 (46.6%) 
 
8 (53.3%) 
  
TOTAL 
 
7 (15.5%) 
 
 15 
(33.3%) 
 
9 (20%) 
 
18 (40%) 
 
22 
(48.8%) 
  
Slow 
 
1 (6.6%) 
 
2 (13.3%) 
 
1 (6.6%) 
 
1 (6.6%) 
 
2 (13.3%) 
 
29 
Tube 
 
Moderate 
 
1 (6.6%) 
 
2 (13.3%) 
 
1 (6.6%) 
 
1 (6.6%) 
 
4 (26.6%) 
  
Fast 
 
0 
 
1 (6.6%) 
 
1 (6.6%) 
 
0 
 
1 (6.6%) 
  
TOTAL 
 
2 (4.44%) 
 
5 
(11.11%) 
 
3 (6.66%) 
 
2 (4.44%) 
 
7 
(15.55%) 
 
Table 2  
Number (and percentage) of participants that indicated the presence of the illusion, i.e. a scored 5 or 
higher per each question, according to each group and arm/tube movement speed. 
 
 
  Q1 Q2 Q3 Q4 Q5 
  
Slow 
 
1,67 (1,05)  
 
4,00 (2,24) 
 
3,40 (1,84) 
 
3,27 (1,75) 
 
4,00 (2,30) 
 
Touch 
 
Moderate 
 
2,93 (2,15) 
 
4,40 (2,29) 
 
3,87 (2,03) 
 
3,67 (2,09) 
 
4,67 (2,26) 
  
Fast 
 
1,73 (1,28) 
 
3,87 (1,85) 
 
3,47 (1,92) 
 
3,00 (1,56) 
 
3,93 (1,98) 
       
  
Slow 
 
2,27 (1,83) 
 
3,40 (1,88) 
 
2,47 (1,60) 
 
3,13 (1,92) 
 
3,60 (2,26) 
No-Touch 
 
Moderate 
 
2,33 (1,88) 
 
3,07 (1,79) 
 
2,53 (1,96) 
 
3,53 (1,92) 
 
3,47 (2,23) 
  
Fast 
 
2,27 (1,28) 
 
2,93 (2,05) 
 
2,67 (1,68) 
 
3,67 (2,16) 
 
4,07 (2,58) 
       
       
 
30 
Slow 1,67 (1,18) 2,80 (1,32) 2,27 (1,39) 1,73 (1,22) 2,60 (1,64) 
Tube 
 
Moderate 
 
1,60 (1,12) 
 
2,47 (1,55) 
 
2,07 (1,33) 
 
1,80 (1,21) 
 
2,53 (1,92) 
  
Fast 
 
1,33 (0,82) 
 
2,07 (1,39) 
 
1,60 (1,12) 
 
1,60 (0,91) 
 
2,27 (1,49) 
       
 
 
 
Table 3  
Averages (and SD) of raw questionnaire scores per each group and arm/tube movement speed. 
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